active in research and published until his illness in 1989. He died on the 24 June 1990.
SETTING THE SCENE: FISHERIES SCIENCE IN THE IMMEDIATE POST-WAR PERIOD
In science, as in most careers, success is often a matter of being the right person in the right place at the right time. To judge someone's contribution to the advancement of knowledge in their particular field it therefore helps to be aware of the state of evolution of that field and its future opportunities and challenges when his or her career began. This is especially important when, as with John Gulland, that person came from a discipline that, at first sight, may seem to be at one side of the main stream of their chosen field (as indeed it was at the time, although less so now).
Fisheries science is a multidisciplinary amalgam of a variety of more basic scientific disciplines centred around the biology of fish and other marine organisms but including chemistry, physics and especially in the past few decades, mathematics. It has the strategic aim of describing and measuring the natural productivity of the living resources of the sea, fish in particular, and the effect on that productivity of environmental and man-made forces, primarily, of course, fishing. A central discipline is population dynamics, and research on the population biology and dynamics of fish has been a major source of knowledge and methods, along with that on the other main animal groups (e.g. birds, insects and mammals), going to the development of the more basic science of animal populations.
Because the production of fish from the sea is dependent on the natural production systems, it is necessary for fisheries science to investigate the food chains and the basic production mechanisms, which in turn depend on the environmental conditions of the sea. All these make up the more basic end of the fisheries science continuum. At the other end, the outcome of the fish population research provides the essential scientific basis for the management of these resources, as an advisory process through the various regulative agencies, mostly international in the case of high seas fisheries.
Notwithstanding the long-term and often fundamental nature of these investigations, fisheries research is therefore at heart an applied science. Those whose research is concerned with the applications deal with what is now called 'fish stock assessment'; evaluation of the intensity of fishing on those stocks, how much they have been affected by environmental factors, and prediction of future trends in relation to the present or possible alternative management regimes. This involves sophisticated quantitative forecasting of demographic trends, comparable to that of actuarial forecasting, and places a heavy reliance on mathematical modelling and advanced statistical techniques, as well as a thorough knowledge of the relevant biology of the species.
The work of the assessment scientists, among whom John Gulland became a world leader, also brings them close to the practical operations of the fishing industries and of the fishermen; not just because these are the eventual recipients of the management decisions but also because without regular and reliable data about the fishing effort and resulting catches the task of the assessment scientist would become gravely restricted if not virtually impossible. The economics of fishing operations and the practicalities of enforcement of management regulations, although not strictly within the purview of fisheries science, are also issues that have to be taken into account in the applied aspects; some of the basic understanding of the economic principles and incentives underlying commercial fisheries have indeed originated from those who nowadays would be called 'assessment scientists'.
The three periods of John's career, Lowestoft, Rome and London naturally determine the main thrust of his activities, and this is reflected in his publications. There is, however, no sharp break. Although much of his most original research on the dynamics and measurement of fish populations was done while at Lowestoft, he continued to publish in this field from time to time after he went to Rome and throughout his career.
As would be expected, his responsibilities with the F.A.O. involved him in advising developing countries on how to develop their fisheries and how to set up their own fisheries statistics and research organizations. His publications during this time included many general and review-type papers and articles; he pioneered the writing of instructional manuals and books on sampling, assessment and management, many of which are still regarded as the definitive texts. During the last phase of his career, in London, he wrote some of his most penetrating contributions to the general fisheries literature, endeavouring to find new ways of bringing home to uninterested fishing industries and politically inhibited regulative bodies, the wastefulness and economic inefficiency of unrestrained fishing. All these activities which are the hall mark of an applied scientist are an important part of Gulland's legacy to fisheries research.
T h e f i r s t p e r i o d a t L o w e s t o f t
Unlike most of the biologists recruited to the laboratory, who had at least a passing knowledge of fisheries science through their university studies on marine biology, Gulland had had no previous contact with the subject. His first three or so years were therefore spent in becoming steeped in what was for him a wholly new intellectual and practical culture. He published a few small papers reporting the immediate post-war declines in the North Sea stocks which had accumulated during nearly six years with little or no fishing. These were unexciting in themselves but were an essential preparation for the trilogy of monographs that he published during these early years (in 1955, 1956 and 1961) which made his reputation internationally.
The first of these (1)* put on a firm statistical basis the estimation of growth and mortality rates of fish populations by sampling the length and age compositions of catches on the fish markets. The market sampling programme was the only source of fish stock census data in those days, and it was a highly labour-intensive operation, with several hundred thousand fish from a dozen or so major fisheries being measured annually at all the major ports in the country and some 20 000 age determinations back in the laboratory: to achieve the maximum efficiency of sampling-design was therefore of great importance. Gulland's paper was an operational research monograph of high quality, which for the first time developed the stratified age-length key with known variances; it also clarified several of the questions that are implicit in attempting to deduce the true demography of the population in the sea from commercial catches that were in no sense representative of the whole population. The concepts and methods that Gulland established in this paper became the accepted procedure world wide.
One of the central problems encountered by Gulland in this investigation was the validity of the catch per unit of fishing effort (CPUE) as an index of the stock of fish abundance in the sea. This led him to extend an earlier study by Beverton and Holt on the relative fishing power of North Sea trawlers to other kinds of vessels and other areas. In this second monograph (2) he extended the use of standardized unit of fishing effort for trawlers (the ton-hour) developed by the above authors to derive conversion factors for other kinds of vessel, e.g. seiners, so that their fishing effort (and hence CPUE) could be expressed in comparable units to the trawler ton hour. This made possible the integration of catch and effort data from different fleets and different nationalities. This paper was also notable in that it explored systematically for the first time the causes of bias in the use of various measures of CPUE; Gulland showed, for example, how catch per day's absence from port could give estimates that were biased downwards at high population densities due to vessel/gear saturation (i.e. to the increased time that had to be spent in handling the catch and clearing decks instead of actually fishing).
The third of the trilogy of monographs during this period was a study of the dynamics of the cod, haddock and plaice fisheries at Iceland (3). This was a classic example of how to use limited information to establish the effects of fishing and to make management assessments, with cross checks between the various estimates. At this time the Icelandic grounds outside six miles were an international fishery and a major source of catches for the British distant water fleet. He had available 50 years of good catch and effort data for British trawlers for all three species and a long series of age-composition data of the Icelandic spawning cod fishery (4).
He first established the best index of population abundance as the catch per trawler ton hour and then developed the simple empirical method of relating this measure of CPUE in the current year to the average total effort in the same units over the period that the fish in the current year had been exposed to fishing (typically three years in these species). He then compared the results with the 'surplus production' method based on the sigmoid growth curve originated by Ottestad (5) and Graham (6). The surplus production method is valuable when nothing but catch and effort data are available, and in his book (7) he developed it further for use with non-equilibrium data.
Gulland showed that the conclusions from this analysis -that the cod were still lightly fished but that both the haddock and plaice were overfished -were consistent with the earlier Icelandic and Danish demographic evidence of age and size composition. He made a suite of assessments for all three fisheries, the most notable being that the best mesh for the cod fishery was at least 130 mm and that this would result in the long term in substantially increased catches. At the time this was a decidedly radical conclusion; such a mesh size was nearly twice that in use at the time. All these fisheries are now wholly within the Icelandic Exclusive Economic Zone (EEZ), but Gulland's assessments have proved essentially correct; for example, the mesh in use in the Icelandic cod fishery is 140 mm.
During the 1950s the alternative to the surplus production approach -the dynamic pool theoretical population model, developed by Beverton and Holt (42) -was coming into general use for assessing the effect o f fishing intensity and mesh size. This needed parameter inputs of several kinds, notably on growth and mortality and the estimation of reliable indices of abundance and fishing intensity. From the mid-1950s through to the time he left Lowestoft in 1966, Gulland exercised his versatility on a range of problems aimed at improving the accuracy of parameter estimation for use in these models and in extending the models themselves. Between 1961 and 1964 he published five papers on the measurement of the selectivity of fishing gear for fish of different sizes and species (8-12) and five on the analysis of mark-recapture data for estimating fishing mortality rates (13-17).
One of the latter (17) proved to be of far-reaching significance in interpreting the post-war changes in the North Sea plaice population. The plaice fishery was not only of major importance to the British industry in those days but it was the ideal 'research species' whose population biology had been investigated since the beginning of the century and about which more was known at that time than about any other of the species of major commercial importance. Its otoliths provide an accurate means of age determination, it can be easily tagged, its distribution and spawning grounds are consistent, and the CPUE of the commercial trawlers give as reliable an index of abundance as in any species.
From analysis of short period recaptures of plaice tagged in a small heavily fished area of the North Sea, Gulland measured the local catchability coefficient, q, i.e. the fishing mortality coefficient generated per unit fishing intensity. He then combined this catchability coefficient with statistics of total fishing effort and its distribution to show that the exceptionally high mortality rates observed in the first three post-war years were artefacts, caused by the concentration of fishing in localities where not only the fish themselves tended to concentrate but where the sea bed was good for trawling. The resulting high CPUE values when fishing first resumed therefore overestimated the increase in abundance of the stock as a whole.
In retrospect, it can be seen that this analysis of the immediate post-war trends was a logical precursor to Gulland's last detailed paper on the North Sea plaice (18). This was published after he had moved to Rome but it is a direct sequel to his 1963 paper (17), being the definitive study of the post-war fishery in the decade 1950-60, during which the average yield had risen to about 50% above that during the pre-war decade, 1928-38. However, both the fishing effort and fishing mortality rate had decreased in the post-war decade, and by a similar amount (60-70%) which, incidentally, confirmed the essential validity of the estimate of the natural mortality rate for this species (10% per annum). With the help of some ingenious analysis he concluded that recruitment had remained essentially unchanged, but that the age at which fish entered the fishery had increased by more than a year, from a little below four years to nearly five years, due to a shift of fishing away from the coastal area where small plaice are most abundant.
Finally, he showed that if these changes in fishing mortality rate and age at first capture were fed into the Beverton and Holt yield per recruit model for this fishery it would predict just such an increase in long-term yield as had been observed. This not only confirmed, as had been suspected, that the pre-war plaice had been 'overfished', it was also the first time that theoretical predictions of the steady states corresponding to different input parameters had been tested against observation, an exercise that has seldom been repeated, at least with so little ambiguity, even to the present day.
THE INTERNATIONAL COUNCIL FOR THE EXPLORATION OF THE SEA AND THE FISHERIES COMMISSIONS
Because of the international nature of many of the major marine fisheries, fisheries science has always had a strong international dimension. For the northeast Atlantic this originated with the setting up, in 1902, of the International Council for the Exploration of the Sea (ICES). This is an intergovernmental scientific body with a relatively small secretariat in Copenhagen and comprising all the northern European maritime countries and extending its remit to the whole of the North Atlantic when the U.S.A. and Canada also became members.
Since 1960 ICES has been the official international scientific advisory body to the regulatory bodies; the North East Atlantic Fisheries Commission (NEAFC), and later to the European Commission when it became responsible for the management of the fisheries in the waters within its Exclusive Economic Zone, i.e the waters between the Straits of Gibraltar and the Faroe Islands.
The ICES is, however, much more than a scientific advisory body, important though this function is. Since its inception it has been the main international forum for fisheries science in its member countries and, through its regular scientific conferences and publications, has had a profound influence on the development of fisheries science and scientists, particularly those concerned with fish population biology and fisheries assessment. This was certainly the case for John Gulland who, by 1960, had become one of the leading figures at ICES scientific meetings on fish population and fishery dynamics.
By the end of the 1950s NEAFC and the parallel body for the northwest Atlantic (the International Commission for the Northwest Atlantic Fisheries, ICNAF) were demanding assessments of the state of all the major fisheries in their respective areas, whether they were overfished and, if so, the probable effects of various regulatory measures. Because the fisheries were international and many countries had data from their own fishing and research activities on one and the same stock, the assessments were increasingly made by working groups of scientists from the main countries involved, and the scientific advice was presented on an agreed international basis.
Gulland was a regular and influential member of the ICES assessment working groups and in 1964 became secretary of its liaison committee set up to oversee and coordinate the provision of advice from the working groups to the commission. This was a key position, because it fell to him to supervise the activities of all the working groups and ensure that their methods were sound and comparable. It is interesting that essentially the same system operates today, with no less than 24 assessment working groups covering between them all the major fisheries in the northeast Atlantic.
The International Commission for the Northwest Atlantic Fisheries adopted a similar arrangement but set up its own assessment subcommittee for all the fisheries of the northwest Atlantic seaboard of the U.S.A. and Canada. Gulland was also a member of this subcommittee from its inception, and became its chairman from 1964-66. By the mid-1960s, therefore, he held the key assessment position on both advisory bodies.
TH E DISCOVERY OF VIRTUAL POPULATION ANALYSIS (V P A )
VPA is a means of analysing catch age-compositions to derive estimates of fishing mortality rate and stock size, in absolute units. It has become almost universally used, being especially valuable wherever there is a sufficiently long run of catch-at-age data, the fishing mortality is relatively high and the fish long-lived. Gulland published in 1965 (19) the first definitive account of the modern form of VPA with an application to the Arcto-Norwegian cod, and the VPA method is always attributed to him. The origin of the word 'virtual', however, dates back to a similar method devised for the analysis of tagging returns by the Canadian statistician Delury in 1949 (20) , in which the catches from a tagged population summed over time were treated as surrogates for the true population. However, the procedure was not suited as it stood for general use, and modem VPA originated by a different route.
The convergence of ideas and practical needs is intriguing. It starts with a land mark among the ICES symposia; that of 1963 in Madrid. The subject was the 'Measurement of abundance of fish stocks', chosen because of its timeliness in relation to the rapidly escalating demand for stock assessments. Gulland was at the height of his ICES career and played a leading part in planning the symposium and editing the published proceedings. His own contributions to that symposium (21 -23) as did several others, continued to emphasize the difficulties that can arise with CPUE as indices of abundance, using both the North Sea and Barents Sea fisheries as examples. Although ingenious ways were devised for detecting, if not correcting, some causes of bias, the inherent limitations of reliance on commercial catch statistics were becoming increasingly evident.
In another paper to that symposium, Rodney Jones of the Marine Laboratory, Aberdeen (24) showed that apparent mortality rates calculated between pairs of CPUE estimates for the same year class during its life in the fishery could be used to obtain reasonably reliable estimates of the fishing mortality rate (and hence true abundance) among the younger age groups. He did this by guessing the natural mortality rate among the oldest fish and working the conventional abundance equation backwards (see below).
In the following year, the ICES Northeast Arctic Working Group, with Gulland its key member, met to re-assess the Arcto-Norwegian cod fishery which had been declining since the first assessment in 1960. Gulland was already familiar with this fishery and knew that it presented all the problems associated with the use of CPUE; a highly spatially variable fishing effort, effort data of questionable reliability and a fishing mortality that changed with age of fish as they became mature and entered the Norwegian fishery for spawning cod in the Lofoten Is.
Gulland had clearly been impressed with Jones's 1964 paper (24) and realized that the sequential back calculation method did not need CPUE data but would work just as well with catch-at-age data and the conventional 'catch equation': and, furthermore, that such effort data as were available could best be used subsequently to 'tune' the first set of iterations. He wrote up this procedure as an appendix to the 1965 report of the Arctic Fisheries Working Group (19) and showed that it gave much more coherent and less variable sets of estimates of fishing mortality and stock size than had hitherto been possible with conventional methods based on CPUE data.
DERIVATION OF THE MODERN V P A METHOD FROM THE 'CATCH EQUATION'
The 'catch equation' thus proved to be the key to Gulland's approach to the problem, and it may be of interest to explain the essence of the method here. The catch equation relates the catch, Q , from a year-class during a year to the number of fish present at the beginning of the year Ni and the number surviving to the beginning of the following year, N2, in terms of the combined fishing and natural mortality rates operative during the year. It was first derived, but without natural mortality, by the Russian fisheries technologist I.V. Baranov (25) from an expression giving the probability of a fish being captured in a defined area 'swept' by the fishing gear. Baranov's pioneering work remained unknown outside the Soviet Union until the Canadian fisheries biologist W.E. Ricker translated it from the Russian and realized the significance of what Baranov had done.
The catch equation was reformulated at Lowestoft independently by Beverton and Holt, with both fishing and natural mortality as the intermediate step in the derivation of their yield per recruit model (26). In this form, denoting the instantaneous fishing mortality by F and the natural mortality by A/, the differential for the instantaneous rate of change in numbers is dN/dT= -( F the solution of which gives the catch in terms of the numbers at the beginning and end of the year as
VPA starts by taking the 'best estimate' of the natural mortality rate, M, from other information about the species in question, such as its intrinsic longevity and growth pattern, and a trial value of F rfo r the oldest age group in the series of catches at successive ages of the same year-class. This allows the number of fish in the oldest year-class at the beginning of the last year, Nt, to be calculated from the catch in that year, Ct, as
Nt=Ct(Ft + M)l Ft
From the catch of the next younger age, C ji , the correspond Ft-i , can be calculated (by iteration) from the expression
and the number of fish present at the beginning of that year, i, as
The procedure is continued in the backward direction until the youngest age in the catch series is reached. The whole process is then repeated with alternative values of terminal Ft to check that sufficient convergence has been achieved. In this way the full age-specific array of fishing mortality coefficients and numbers of the year-class throughout its life in the fishery can be calculated. If effort data are available, they can be used to narrow the range of terminal F t ('tuning'), and the VPA repeated from the beginning. Interestingly, Gulland did not refer to convergence as such in his 1965 paper, although he must have realized that this was the key to the backwards solution of the catch equation. In fact, if the catch equation is used in the forward direction (see 27), small differences in the starting value of F applied to the large numbers of young fish cause severe divergence by the time the older ages are reached and the method is no longer valid. It was left to a younger member of the Lowestoft staff, John Pope, who joined after Gulland had gone to Rome, to publish in 1973 (28) a formal proof of convergence in an approximation to the VPA as set out above, in which he dropped 'virtual' and used only the name 'cohort analysis'; but the word 'virtual' had by then become embedded in the literature and still persists.
Despite its analytic power, the VPA procedure can have misleading results, especially if the estimate of M is substantially wrong or varies systematically with time or age of fish. Gulland himself never took the matter further, but many papers have since been published on the bias and variance of VPA estimates of abundance according to the characteristics of the data set, and on ways of tuning the first set of results using ancillary data.
Nevertheless, VPA has been the single most influential technique for the analysis of the age structure of fish populations. Because it uses the year to year catch equation it also paved the way to estimating annual catch quotas, emphasized by Templeman and Gulland in their 1964/5 report to ICNAF on methods of regulation (29), some six months after Gulland had written his 1965 paper setting out the method.
THE ECONOMICS OF STOCK ASSESSM ENT
Fishermen fish for money and there are economic solutions to the problem of how much fish to catch. John made two contributions to the economics of stock assessment. In 1968 (30) he introduced the concept of the marginal yield. The curve of yield in weight on fishing effort (or time spent fishing) displays a maximum, the maximum sustainable yield. Then the increment in catch from that in effort is less than that expected from the catch per unit of effort. The increment as proportion of that expected is the marginal efficiency of the increase in effort, high in lightly exploited stocks, but low in those heavily fished. The maximum sustainable yield can be exceeded accidentally with undesirable results, but the marginal yield shows that stocks should be exploited at a level of fishing less than that at the maximum. Consequently, the maximum economic yield is found at a level of fishing less than that at the maximum sustainable yield. But it is difficult to compare economies across the exchanges and with what used to be called centrally planned economies.
The marginal yield is equal to the slope of the tangent to the yield curve. Gulland & Boerema (31) estimated it with an arbitrary value, 10% of the slope of the yield curve at the origin or 10% of the catch per unit of effort in the lightly exploited stock. The fishing mortality at this level of fishing effort was called F0.\. It was only a rough and arbitrary approximation to a maximum economic yield but it has been used as a pragmatic objective of management in the north Atlantic, particularly in Canada.
Fis h r e s o u r c e s o f t h e o c e a n
Towards the end of the 1960s several projections of annual world fish catches had been published, one as high as 2000 million tonnes. Schaefer (32) expressed yield in weight as a parabolic function of stock and so the maximum sustainable yield is found at half the stock in weight. Gulland (33) proposed that the maximum sustainable yield, Ymax = M.BoJ2, where B0 is the unexploited stock in weight. With a variety of methods to estimate B0, he and his collaborators estimated the potential catches in the 'Fish resources of the ocean' to be about 100 million tonnes, when catches amounted to about 60 million. John suggested that a reasonable target for traditional fisheries might amount to 80% of the total. Other resources such as the Antarctic krill and the subtropical myctophids could add considerably to the projected total. The krill are now exploited quite heavily but the myctophids are at the moment more or less inaccessible. The importance of John's estimate was to point out that the major problem was not unlimited expansion, but the control of fishing.
A by-product of this work showed that in a very general sense the larger fisheries occurred where the secondary production was high. It would be surprising if it was not, but some attempts to establish the link had failed. The work has been updated from time to time. The Committee of Four showed that the stock of blue whales was heavily over-exploited and they recommended that catches should be banned. In 1965 they were.
John summarized the effect of regulation on the Antarctic whale stocks (34) and noted that the International Whaling Commission had in fact restrained catches with a blanket quota from 1948 onwards. He used a Delury plot of In (catch per unit of effort) on accumulated effort to estimate actual and potential fishing effort, which was the difference between a regulated and an unregulated fishery. When adjusted for differences in recruitment (less natural mortality), he estimated that the catch quota enforced had saved 4300 blue whales and 45 000 fins. Later he wrote that the whale fishery no longer yielded an economic return (35) and proposed that the stock should no longer be a common property, but that it should be owned internationally, the cost of which would be met by substantial licences.
The control of whaling was established in the late 1960s following the recommendations of the Committee of Four. An argument developed in the I.W.C. between scientists concerned with management of the stocks and the conservationists or environmentalists, who desired the preservation of the stocks. The latter had been represented on the Scientific Committee of the I.W.C. since 1965 and later by new member nations in the Commission. In 1972, the United Nations Conference on the Human Environment, in Stockholm, recommended a ten year moratorium of commercial whaling and an improvement in management. The New Management Procedure grouped stocks of marine mammals in three classes: (a) where catches were to be reduced to the level of the M.S.Y., where catches were at the level of the M.S.Y. and (c) where the stock is very low and in need of protection by a complete ban on catches.
John did not play a great part in the later I.W.C. but he made two interventions. At a large meeting on 'Mammals in the sea' in Bergen in 1977 (36), he pointed out that the rules of the New Management Procedure were too rigid and that in the face o f uncertainty, an adaptive mechanism was to be preferred. He rejected the thesis that no exploitation should occur until management policy is established in full detail, based on 'complete' scientific study. This, of course, was a procedure designed to stop whaling, whereas John believed that the science could not advance without the evidence produced by the catches. For this reason he rejected the moratorium.
His last attack on the environmentalist approach appeared in the Scientist in 1988 (37). He reiterated his dislike of a moratorium and wrote that the I.W.C. had become polarized into whalers and non-whalers; by the mid-1980s anti-whaling countries commanded a majority in the Commission. He wrote: 'some anti-whaling scientists were likely to interpret any data in a way that showed that catching should be stopped'. Many people throughout the world believe that whaling is wrong and this had become the view of the Commission. If that was so, all the argument in the Scientific Committee was a waste of time and money. And 'if most people in England and Australia think it is wrong, to what extent are they entitled to impose their views on the Japanese or the Icelanders?' Some countries had never joined the Commission and pirate whaling had started in some others. John asked why not let them continue under the aegis of the Commission and take 5000 minke whales per year from a stock of nearly 500 000 for a period of ten years. Then more would be learned about the dynamics of the stock. He returned to his earlier idea, an International Whaling Authority which owned the whales. It could sell rights to catch for a limited period and the environmentalists would be free to pay more to stop catching (which would increase the value of potential licences in future years). The alternative might be the extension of pirate whaling, with the Commission impotent.
FISH STOCK MANAGEMENT
The maximum sustainable yield had been one of the early objectives of management. In the parabola of the Schaefer model, the catch per unit of effort depends inversely on effort in a linear manner. John (38) noted that the relation was not linear and that the maximum may not exist and that in a fluctuating fishery it may not be sustainable. He wrote: 'fishery management does not, however, need to have a single clearly defined objective, other than a general objective of improving the fisheries'.
He contrasted the capacity of the Inter-American Tropical Tuna Commission (IATTC) to act quickly with that of the International Commission for North West Atlantic Fisheries (ICNAF), which acted slowly because it had demanded full scientific demonstration (39). During the 1960s there had been much argument as to whether certain clupeid stocks had collapsed through fishing or not. John (40) pointed out that stocks such as the Peruvian anchoveta changed rapidly in quantity and he concluded that management decisions are often needed before the scientific evidence is complete. Conversely, scientists should be ready to give advice even when the evidence is scanty. He cited a plot of stock density on fishing effort for the skipjack tuna in which the expected inverse relation was unclear. He suggested that it might be prudent to assume the decline until the evidence became established more securely, because the catch per unit of effort should decline as fishing increases.
In the late 1960s and early 1970s, shrimp fisheries were being developed all over the tropical and subtropical world. John (41) used the marginal yield to establish an optimal one. He proposed the issue of licences (in exchange for full statistics) to limit entry, which would be modified after two or three years, as yield approached the optimum after two or three years. Then as yield approached the optimum, the fishermen's profitability should be examined. Gulland & Robinson (42) pointed to the need to list costs fully, because some methods of controlling fisheries add to unit costs.
A letter from Dr Bernard Bowen, Director of the Fisheries Department of Western Australia, revealed John's stimulus in the study of the Western Rock Lobster stock. He pinpointed the need for better estimates of fishing effort to match changes in gear technology. A spawning index had been developed from log-book records and John recommended that the index be adapted to take account of the increase in gear efficiency. A model has now been developed with new standardized measures of fishing effort and a new spawning index. He also recommended simple economic analyses. Dr Bowen writes: 'He was responsible for a tremendous growth in the understanding of fish population dynamics in Australia. We will all miss his friendship and intellectual stimulus. ' He gave the keynote address to the American Fisheries Society in 1977 (43), the year in which the coastal state took responsibility for management under the Law of the Sea. His main message was that management had become more complex, embracing not only the economic consequences of action but also those expressed by the environmentalists. There was a dynamic structure rather than a simple one based on the maximum sustainable yield. Perhaps the most important new realization was that great changes occur in the history of fish stocks, as for example in the Greenland fishery which ranged from no catch at all to nearly half a million tonnes per year.
He described the development of a mythical fishery and showed how inevitable was the rack on which fishermen are stretched when they spend their profits on another boat. Economists had often written that fishing could be controlled by tax or licence. John developed his ideas on the marginal yield. He proposed that the difference in money between the yield expected from the catch per unit of effort and the marginal yield actually obtained should constitute the licence fee for a new entrant. As fishing approaches the maximum sustainable yield, so the licence fee increases. This idea has not been put into practice although variants have been suggested.
John was proud of the report on the scientific basis of determining management (44); the chairman was Professor Brian Rothschild and John was the rapporteur. Little increase in world catch was expected and the prospect of Exclusive Economic Zones promised greater opportunity for good management; that on the Western Rock lobster in Australia was cited as an example of good management. The report cited the need to state objectives properly and to collect the data necessary. Recruitment processes and species interactions were of great importance. But there was a great need to react to environmental change quickly and to evaluate management procedures.
On Gulland's work in F.A.O. Professor Rothschild writes: One of John's more radical proposals was given at an invited lecture at the International Council for the Exploration of the Sea in 1979 (45). He cited four benefits from regulation. The first was to increase the value of the catch and the maximum economic yield implied very much more than that value, particularly in saving costs. The second was to decrease the cost of capture, for many regulatory measures kept costs high or even increased them; for example, the short season in which the Pacific halibut was caught added the cost of freezing the fish until they were sold. The third was to allocate benefits to others besides fishermen, for example, processors. The fourth benefit was to reduce the cost of management, surveillance and the production of advice; at this time towards the end of the 1970s, British surveillance was done by Nimrods of Coastal Command and the International Council for the Exploration of the Sea ran 24 working groups, for which the costs of travelling and subsistence must have been considerable.
The elasticity of demand was high and so the production of all fisheries in a region should be examined. For the North Sea, John proposed that the industrial fishery for Norway pout and young haddock and whiting be reduced, as should those for herring, mackerel and for plaice and haddock. On the other hand that for cod, the top predator, should be increased to the limit, bounded by the danger of recruitment over-fishing. He calculated that the total yield of these fisheries would increase from 0.8 to 1.2 million tonnes, with much greater increases in value. He wrote that the 'assessment is crude ... does not even have the respectability of having used a proper mathematical model and a suitable number of pages of equations'. The proposal was not taken up because the Common Fisheries Policy of the European Community was not agreed until 1982 and perhaps people were chary of exploiting the cod stock too hard when catches of herring were banned because of recruitment over-fishing. However, the Multi-Species Working Group of the International Council for the Exploration of the Sea (46) found that the steps needed to reach a Maximum Economic Yield are really very like those proposed by John, ten years earlier; they propose to exploit saithe and whiting more heavily and the cod less so.
John wrote of 'management in an imperfect world' (47) in which he pointed out that the objectives of management not only might, but must, change with time. Changes in recruitment occurred always and managers should adapt their regimes to include such changes. He raised the question of data evasion; the Dutch did not and do not report the catches of sole properly.
He (48) contrasted the stability of the plaice on which Beverton & Holt (49) had worked, with the high variations recorded in other stocks since then. He cited the effects of recruitment over-fishing throughout the world ocean and the large catches made of Pacific Ocean perch, yellow fin flounder and Alaska pollock in the Bering Sea. But there was also the gadoid outburst in the North Sea and the recovery of the Japanese and Californian sardine catches after a lapse of 30 years, and the rise of the Chilean sardine catches all about the same time in the mid-1970s. He noted that the Southern Ocean was a simple ecosystem where whales were killed and replaced in numbers by seals and penguins. So management had to include many species, whether by differential responses to fishing, the increase in one species by exploitation of a competitor or in the increase of prey by elimination of a predator.
In John's last paper on management (50), he referred to the losses of fur seals in Antarctica between 1819 and 1822, the extinction of the skate in the Irish Sea, the loss of clupeids throughout the world by recruitment over-fishing and of many species in the Gulf of Thailand. The performance of population dynamics was criticized, for example, in the failure to understand the collapse of the North Sea herring and the failure to understand the gadoid outburst. With the variability of the system, in recruitment or in natural mortality (which declines with age) stocks are always managed in an uncertain environment; but they must be managed despite the uncertainty.
John played a considerable part in the establishment of research and of conservation in the Antarctic. Dr R.M. Laws, F.R.S., writes: John was a scientist at the top o f his field, a very able administrator and committee man. Through his work as a rapporteur, often burning the midnight oil to produce a report on time, he had a considerable influence. He was also a witty and entertaining companion who is greatly missed.
There is no simple management today. That in each region or on each stock or group of stocks is to some extent unique. John was very aware of the need to examine the social and economic aspects of management and for the resolution of conflict, which must lie at the heart of any proposal. But, beyond that lay his concern for the science. His expectations were often greater than the practice, perhaps because he could see so clearly what should be done. r i a b i l i t y a n d u n c e r t a i n t y i n f i s h e r i e s m a n a g e m e n t It is characteristic of many fish populations that the number of young fish recruited annually to the population varies greatly, due to the multiplicity of external factors (physical and biological) influencing survival during the very early stages o f the life history. As a consequence, the underly in g relatio n sh ip betw een parents and progeny -the stock-recruitment relationship in fisheries parlance -tends to be largely or wholly obscured unless a long series of demographic data are available. Even then, the search for causal factors by statistical analysis of stock and recruitment data, typified as they are by strong serial correlation and high observational error, has been something of a mine field for the unwary in fisheries literature.
Gulland made several timely and influential contributions to the clarification of this problem, starting with a short and telling note (51) pointing out the ease with which spurious correlations can be generated by what may seem to be a perfectly reasonable way of deriving indices of a potential causal external factor in the absence of direct evidence. His more mature thoughts on this topic (52) were one of the key contributions to the Environmental Symposium convened by F.A.O. in 1964, an occasion which put the environmental dimension firmly on the fisheries science agenda. In this paper he showed what could and could not be deduced from the stock-recruitment data available at that time, drawing attention to what would now be called Type I and Type II errors of statistical inference from inconclusive data, depending on whether the hypothesis to be tested presumes or denies the existence of an underlying relation.
In later papers Gulland explored the implications to practical fisheries management of two kinds of instability. One (53) arises when the catchability (i.e. the fishing mortality rate generated per unit fishing effort) tends to increase as the stock is depleted instead of remaining more or less constant as is conventionally assumed. It had only just been realized that this escalation of catchability was the prime cause of the recent collapse of several major purse seine fisheries for easily detected, shoaling fish like herring and sardine. In his paper, Gulland gave a graphic demonstration of the potentially dangerous instability that exists when this positive feedback between fishing effort and fishing mortality is strong and disregarded by management.
In two other papers (45, 48) Gulland explored further the practical implications of both the high real fluctuations in fish populations and the difficulties of accurate measurement. This latter paper, his last major published work, brought together much of his earlier experience and thinking on how scientific uncertainty should best be introduced into the transmission of scientific advice to the decision makers; the politicians and business men. He posed in his usual simple direct way the polarization of approach to uncertainty as shown by the organizations responsible for management of natural resources. In those where the political/industrial influences dominate, the inclination is to continue as before unless and until the scientific evidence that harm is being caused is incontrovertible; whereas in those dominated by the more extreme of the conservation interests, the pressure is to stop everything unless it can be proved that no harm is being caused.
This will be recognized as the Type I / Type II dichotomy of statistical inference in another form and it epitomizes the current 'management versus protectionism ' controversy. Gulland concluded that the scientist will need to become more closely involved at the decision-making level if sensible solutions to these opposing concepts are to be found. These ideas were being taken further in a sequel to his 1974 book on fisheries management, on which he was working until forced to give up by his distressing illness: it is good to know that it is planned to publish this book posthumously (R D.H.C.).
E p i l o g u e
When the question of bringing a mathematician on to the staff of the Lowestoft Laboratory was being debated, concern was expressed lest such a person should find it unrewarding to have to work with masses of data characterized by inaccuracy and bias, and would instead seek intellectual satisfaction in the pursuit of elegant but largely irrelevant theoretical exercises.
There need have been no worries on that score. John Gulland had already become disenchanted with the more esoteric later stages of the Cambridge Mathematics Tripos of that time, and was looking for a more practical field in which to apply his quantitative skills. He was at heart an intuitive mathematician who, having seen in principle how a problem could be solved, was content to offer a simple working solution without worrying about a formal proof. The three most influential of his innovations -the VPA, the 1/2 rule and the F0'i reference point -were all 'back of an envelope' ideas which, although they have since been taken further more rigorously by others, have had a profound influence on thinking and practice the world over.
Gulland also mastered the complexities and idiosyncrasies not only of biology but of biologists, so that his writing and talks were always intelligible to the fisheries science community as a whole. He was the applied mathematician par , with his aim unerringly at what mattered. His instinct for simple directness made him a natural communicator, although he was more at home with the written than the spoken word. He was an excellent drafter of reports, and was frequently called into service in that capacity in the knowledge that he would make a sensible and intelligible record out of what may well have been a rambling and incoherent meeting. His writings, in reports, scientific papers and books, are much in demand the world over by students, as well as by specialists in other fields, for their clarity and conciseness.
He was awarded an honorary degree from the University of Rhode Island in 1979 and one from the University of Helsinki in 1984. His life-long career in fisheries science was marked in 1990, shortly before he died, by the most prestigious honour in fisheries science, the Award of Excellence of the American Fisheries Society. The scroll and medal were presented to his widow Audrey at the 1990 Conference of the Fisheries Society of the British Isles by the then President of the American Fisheries Society, Dr Joe G. Dillard. Thus closed the career of one of the great personalities in the annals of post-war fisheries science, whose razor-sharp mind and dry humour beneath a shiny domed head will long be remembered. John was an enthusiastic bird watcher; near Port Arthur in Tasmania he showed me a Southern Albatross at extreme range and added another parrot to his long list of birds identified. He played hockey at Cambridge and later in his life, golf. The peak of his sporting life was reached when after a meeting on Antarctic conservation, he played cricket at the Beardmore glacier after a visit to the South Pole. He used to say that this was the only cricket match he had played in where the beer froze in the cans and the pitch was rolled by a Hercules. He was an enthusiastic if disorganized gardener. In Italy he laboured against the odds to cultivate an English lawn but on his return he decided to create a formal Italian garden in his house in the city centre.
He documented his innumerable travels with postcards, for example, one of Grimsby Dock which he sent from Bali. He had a box at the opera in Rome. He could only think as Beethoven or Bach played fortissimo on his precious music centre. He beguiled long hours at airports doing tapestry. He was asked how long he had been in Rome and replied that Audrey had been there for 18 years, but he had been there for only eight. He relieved the long boredom of meetings by making magic squares. But he would suddenly become alert and in two or three minutes produce a solution to the problem that had halted the meeting. When I remember John, I recall the gossip over the garden fence, my debt to him in many ways or the long meals when the wine flowed under the stars at his house in Rome. (D.H.C.) Audrey writes:
John was an inspired teacher and positively enjoyed both encouraging young scientists and explaining to fishermen why proposed restrictions were necessary. After his death, his family received many letters testifying to his willingness to spend time explaining points to individuals when the seminar was over.
With his own children he had infinite patience. When they were only at nursery school he taught them the difference between addition and multiplication by using Lego. In his last illness he demonstrated to his great niece, aged two, that six is always six, and neither five nor four with the cutlery on the dinner table. For John numbers were fun. The management of marine fisheries. 
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